Journal  of  Power  Sources  196(2011)  6828-6834 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


In  situ  X-ray  absorption  spectroscopic  study  of  Li-rich  layered  cathode  material 

Li[Nio.i7Lio.2Coo.o7Mno.56]02 

Atsushi  Itoa,  Yuichi  Satob,  Takashi  Sanadac,  Masaharu  Hatano1 * 3,  Hideaki  Horie3,  Yasuhiko  Ohsawa3  * 

a  Nissan  Research  Center,  Nissan  Motor  Co.,  Ltd.,  I,  Natsushima-cho,  Yokosuka,  Kanagawa  237-8523,  Japan 

b  Department  of  Material  and  Life  Chemistry,  Faculty  of  Engineering,  Kanagawa  University,  3-27-1,  Rokkakubashi,  Kanagawa-ku,  Yokohama  221-8686,  Japan 
c  NISSAN  ARC,  LTD.,  I,  Natsushima-cho,  Yokosuka,  Kanagawa  237-0061 ,  Japan 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  12  August  2010 
Received  in  revised  form 
26  September  2010 
Accepted  29  September  2010 
Available  online  7  October  2010 


Keywords: 

Cathode  material 

Li  [  Nio.i  7  Lio.2  Coo.07Mno.56  ]  O2 

In  situ  X-ray  absorption  spectroscopy 


Although  Li-rich  solid-solution  layered  materials  Li2Mn03-LiM02  (M  =  Co,  Ni,  etc.)  are  expected 
as  large  capacity  lithium  insertion  cathodes,  the  fundamental  charge-discharge  reaction  mecha¬ 
nism  of  these  materials  is  not  clear.  Therefore  the  change  in  valence  states  of  Ni,  Co  and  Mn  of 
Li[ Ni0.i 7 Lio.2 Co0.07Mn0.56]O2  during  charge-discharge  was  examined  in  detail  using  in  situ  X-ray  absorp¬ 
tion  spectroscopy  (XAS),  which  includes  both  X-ray  absorption  near-edge  structure  (XANES)  and 
extended  X-ray  absorption  fine  structure  (EXAFS)  measurements.  Since  the  Mn  K  edge  shift  during 
charge-discharge  was  not  clear  to  determine  the  valence  change  of  Mn,  the  Mn  K  pre-edge  shift  was 
examined  during  charge-discharge.  In  our  measurements,  only  a  small  shift  of  the  Mn  K  pre-edge  toward 
lower  energy  was  observed  on  discharge  from  4.8  to  2.0  V.  This  corresponds  to  a  decrease  of  the  Mn 
valence  from  4+  to  approximately  3.6+.  However,  this  shift  cannot  explain  the  large  reversible  capacity 
of  this  material  and  thus  strongly  suggests  the  participation  of  oxygen  in  the  reversible  charge-discharge 
reaction  of  this  material. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recent  research  has  focused  on  the  Li-rich  solid-solution  layered 
cathode  materials  Li2Mn03-LiM02  (M  =  Co,  Ni,  etc.),  which  exhibit 
a  discharge  capacity  of  more  than  200  mAh  g-1  when  operated 
above  4.6  V  [1].  However,  the  mechanism  of  the  charge-discharge 

reaction,  which  is  the  origin  of  the  discharge  capacity,  has  not 
been  clarified  [2-5].  There  are  currently  two  main,  but  controver¬ 
sial  mechanisms  proposed  regarding  the  initial  charging.  The  first 
proposed  mechanism  suggests  that  Li+  extraction  is  accompanied 
by  oxygen  ejection  from  the  cathode  crystals.  This  is  observed  as 
oxygen  gas  evolution  by  in  situ  differential  electrochemical  mass 
spectroscopy  (DEMS)  [5].  The  second  proposed  mechanism  sug¬ 
gests  that  Li+  extraction  is  not  accompanied  by  oxygen  ejection 
from  the  cathode  crystals.  This  mechanism  has  been  experimen¬ 
tally  supported  by  a  smaller  weight  change  of  the  cathode  during 
the  initial  charge  above  4.5  V.  In  this  mechanism,  partially  oxidized 
O2-  is  kept  inside  the  cathode  crystals  [4].  Based  upon  the  conclu¬ 
sion  of  the  first  proposed  mechanism,  it  is  inferred  that  Mn  should 
undertake  large  residual  discharge  capacity  other  than  contribution 
from  Ni  and  Co.  However,  the  experimental  evidence  by  DEMS  is 
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not  quantitative.  Furthermore,  these  cathode  materials  show  larger 
capacity  than  theoretical  values  calculated  based  upon  this  mecha¬ 
nism  [6,7].  In  the  second  mechanism  however,  the  highly  oxidized 
cathode  may  have  been  gradually  reduced  by  electrolyte  solvents 
with  insertion  of  a  small  amount  of  Li+. 

In  order  to  avoid  possible  gradual  reduction  of  highly  oxidized 
cathodes,  in  situ  X-ray  absorption  spectroscopy  (XAS)  is  an  appro¬ 
priate  method  [8-13].  Transition-metal  (TM)  K  edge  XANES  is 
typically  used  for  this  purpose.  However,  the  shape  of  the  Mn  I<  edge 
XANES  spectra  for  these  cathode  materials  appears  to  be  problem¬ 
atic  compared  to  that  of  Ni,  as  will  be  explained  in  this  publication. 
This  is  caused  by  one  part  of  the  Mn  I<  edge  XANES  spectra  moving  in 
the  opposite  direction  of  the  other  parts  during  charge-discharge, 
near  the  inflection  point  of  the  Mn  I<  edge  XANES  spectra.  It  thus 
appears  to  be  somewhat  complicated  to  discuss  the  valence  change 
of  Mn  during  charge-discharge  from  only  the  results  at  the  Mn  I< 
edge.  This  study,  therefore,  specifically  focuses  on  the  Mn  K  pre¬ 
edge  as  we  examine  the  change  in  the  valence  states  of  Ni,  Co  and 
Mn  of  Li[Ni0 17Lio.2Coo.07Mno.56 ]02  during  charge-discharge  using 
in  situ  X-ray  absorption  spectroscopy  (XAS). 


2.  Experimental 

The  preparation  and  characterization  of  Li[Ni0.i7Lio.2Coo.07 
Mn0.56]O2  using  inductive-coupled  plasma  spectroscopy  (ICP), 
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XRD,  selected  area  electron  diffraction  (SAED)  and  high  resolution 
electron  transmission  microscopy  (HRTEM)  have  been  reported 
elsewhere  [1,14].  A  slurry  containing  active  material,  acetylene 
black  (Denka  black  HS-100),  and  PVdF  binder  in  a  weight  ratio  of 
60:20:20  in  N-methyl-2-pyrrolidone  was  cast  by  the  doctor  blade 
method  onto  aluminum  foil  and  then  dried.  Disks  of  1 5  mm  in  diam¬ 
eter  were  punched  from  the  cast  to  form  cathodes.  Five  pouch  type 
in  situ  electrochemical  cells  with  virtually  the  same  properties, 
composed  of  a  cathode  material  on  aluminum  foil,  a  lithium  metal 
anode  attached  to  stainless-steel  mesh,  a  micro-porous  polypropy¬ 
lene  separator,  and  a  glass  filter  paper  separator  were  made,  and 
three  of  them  were  used  to  conduct  in  situ  XAS  measurements  dur¬ 
ing  charge-discharge.  The  electrolyte  was  1.0  M  LiPF6  in  ethylene 
carbonate/diethyl  carbonate  (EC/DEC,  1:2  by  volume).  The  in  situ 
cells  were  assembled  in  a  glove  box  filled  with  dry  argon.  The 
in  situ  cells  were  cycled  in  the  potential  range  of  2-4.8  V  (vs.  Li 
metal).  Reference  samples  for  non-in  situ  XAS  measurements  were 
prepared  by  mixing  reference  compounds  with  a  BN  powder  to 
form  disks.  The  XAS  experiments  were  performed  on  Beam  Line 
1 4B02  of  SPring-8  in  Japan  [15].  Two  Si  ( 1  1  1 )  crystals  were  used  to 
monochromatize  the  radiation.  The  XAS  scans  that  covered  the  Ni, 
Co  and  Mn  I<  edges  were  taken  in  transmission  mode.  The  REX2000 
(Rigaku  Corp.)  and  FEFF  8.2  software  programs  were  used  for  the 
analysis  of  the  XAS  data.  The  back  electron  scattering  factor  and 
phase  shift  were  calculated  with  FEFF  8.2. 

The  corrected  Mn  K  pre-edge  absorption  structure  was  obtained 
by  subtracting  the  background  (the  Voigt-fitted  interpolated  tail 
of  the  Mn  K  edge)  from  the  observed  spectra.  Generally,  when 
discussing  the  absorption  energy  shift,  the  peak  energy  is  used; 
however,  the  Mn  I<  pre-edge  spectrum  consists  of  two  mutu¬ 
ally  overlapping  peaks,  which  could  be  assigned  as  Is  to  eg  (3d) 
and  Is  to  t2g  (3d)  transitions.  Thus,  the  two  peak  energies  of 
the  overlapped  spectrum  would  be  modified  or  difficult  to  deter¬ 
mine.  To  avoid  this,  and  to  save  time  in  our  in  situ  measurements, 
the  half-height  energy  of  the  lower  energy  pre-edge  peak  is 
adopted  on  the  assumption  that  the  lower  energy  peak  is  the 
same  Gaussian  type  (with  the  same  cr2)  across  all  the  samples. 
For  the  purpose  of  visual  comparison,  the  Mn  K  pre-edge  spec¬ 
trum  is  normalized  with  respect  to  the  lower  energy  peak  of  the 
pre-edge. 

3.  Results  and  discussion 

3.1.  Charge  and  discharge  curves  of  in  situ  cells 

Fig.  1  shows  the  initial  charge-discharge  curves  of  an  in  situ 
cell  at  1  / 20  C  in  the  potential  range  between  2  and  4.8  V  (vs.  Li+/Li). 
The  charge  and  discharge  capacities  at  the  first  cycle  were  322  and 


Fig.  1.  The  initial  charge  and  discharge  curves  of  an  in  situ  cell  at  1/20  C  between 
2  and  4.8  V  vs.  Li+/Li.  The  small  arrows  correspond  to  measurement  points.  The 
notations  1-n,  2-n  and  3-n  represent  the  measurement  points  in  the  1st  charge,  the 
1st  discharge  and  the  2nd  charge,  respectively. 


266mAhg_1,  respectively.  Three  in  situ  cells,  which  had  virtually 
the  same  properties,  were  used  for  in  situ  XAS  measurements  to 
save  machine  time  of  the  Beam  Line.  In  situ  XAS  measurements 
were  carried  out  basically  every  10%  SOC  steps,  as  indicated  by  the 
small  arrows  in  Fig.  1 .  The  notations  1  -n,  2-n  and  3-n  represent  the 
measurement  points  in  the  1st  charge,  the  1st  discharge  and  the 
2nd  charge,  respectively. 

3.2.  In  situ  X-ray  absorption  near-edge  structure  (XANES) 

3.2.1.  XANES  for  Mn 

Fig.  2  shows  the  normalized  XANES  spectra  of  the  Mn  I<  edge 
for  Li[Ni0.i7Lio.2Coo.o7Mn0.56]02  during  (a)  the  1st  charge,  (b)  the 
1st  discharge  and  (c)  the  2nd  charge.  The  numbering  of  all  data 
lines  is  the  same  as  Fig.  1.  Fig.  2(d)-(f)  shows  magnifications  of 
the  pre-edge  parts  of  Fig.  2(a)-(c),  respectively.  The  Mn  I<  edge 
consists  of  3  absorptions  denoted  by  A,  B  and  C,  and  the  Mn  I<  pre¬ 
edge  consists  of  2  absorptions  denoted  by  Pi  and  P2.  The  arrows 
indicate  the  directions  of  the  spectrum  shift  during  charge  and 
discharge.  Tsai  et  al.  have  reported  the  following  assignments  for 
these  absorptions  [11].  Absorption  A  is  due  to  the  electric  dipole 
allowed  transition  from  Is  to  a  4p  state  with  a  shakedown  pro¬ 
cess  originating  from  the  ligand-to-metal  charge  transfer  (LMCT), 
which  corresponds  to  the  final  state  of  ls1c3d4L4p1,  and  absorp¬ 
tion  C  is  due  to  the  electric  dipole  allowed  transition  from  1  s  to  a  4p 
state  without  a  shakedown  process,  which  corresponds  to  the  final 
state  of  ls1c3d34p1.  Here  a  Is  core  hole  and  an  oxygen  2p  ligand 
hole  are  denoted  by  c  and  L,  respectively.  The  pre-edge  absorp¬ 
tions  Pi  and  P2  have  been  assigned  to  the  transitions  from  Is  to 
3deg  and  3dt2g  for  LiMn204  spinel  compounds  with  a  weak  crys¬ 
tal  field,  respectively  [16],  and  thus  we  adopted  these  assignments. 
These  weak  absorptions  are  formally  electric-dipole  forbidden  and 
caused  by  the  pure  electric  quadrupole  coupling  and/or  the  3d-4p 
orbital  mixing  arising  from  the  noncentrosymmetric  environment 
of  the  slightly  distorted  octahedral  3a  sites  in  rhombohetral  R3m 
space  group. 

In  order  to  evaluate  the  valence  states  of  the  transition  met¬ 
als  (TMs),  XANES  spectra  of  TMs  are  usually  compared  with  those 
of  the  corresponding  reference  compounds.  Fig.  3  shows  the  com¬ 
parison  of  XANES  spectra  at  the  Mn  K  edge  for  the  fully  charged 
and  the  fully  discharged  states  to  those  for  the  reference  Mn  com¬ 
pounds.  Based  on  this  figure,  the  valence  state  of  the  Mn  of  the 
fully  charged  state  is  considered  to  be  4+,  and  the  valence  state 
of  the  fully  discharged  state  is  considered  to  be  at  least  higher 
than  that  of  Mn203  (3+)  and  possibly  slightly  higher  than  that 
of  LiMn204  (3.5+).  However,  it  is  difficult  to  clearly  distinguish 
whether  the  valence  state  of  the  fully  discharged  state  is  lower 
than  that  of  the  fully  charged  state,  since  absorption  B  shifts  in 
the  opposite  direction  of  absorptions  A  and  C  upon  discharge,  as 
shown  in  Fig.  2(b).  As  shown  in  Fig.  2(a)  and  (c),  absorption  B 
also  shifts  in  the  opposite  direction  of  absorptions  A  and  C  dur¬ 
ing  the  1st  charge  and  2nd  charge.  This  type  of  comparison  may 
be  used  to  understand  the  global  shifts  in  the  absorption  edge, 
which  occur  with  changes  in  oxidation  state.  The  global  shift  of 
absorptions  A,  B  and  C  is  similar  during  the  1st  charge  and  the  2nd 
charge  although  the  valence  of  Mn  was  kept  at  4+  during  the  1st 
charge.  Based  on  these  results,  it  is  not  possible  to  clearly  distin¬ 
guish  the  valence  change  of  Mn  from  the  Mn  I<  edge  data.  This 
finding  is  contradictory  to  previously  reported  works  about  the 
valence  change  of  Mn  during  charge-discharge.  On  the  other  hand, 
the  Mn  K  pre-edge  energy  does  not  change  during  the  1st  charge, 
and  changes  slightly  in  a  reversible  manner  during  the  follow¬ 
ing  discharge  and  charge,  as  shown  by  the  arrows  in  Fig.  2(d)-(f). 
Under  these  circumstances,  we  attempted  to  use  the  Mn  K  pre¬ 
edge  absorption  spectra  to  estimate  the  valence  states  of  Mn  during 
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Fig.  2.  Normalized  XANES  spectra  of  the  Mn  K  edge  and  the  Mn  K  pre-edge  of  Li[Nio.i7Lio.2Co0.o7Mn0.56]02  during  the  initial  charge-discharge,  (a),  (b)  and  (c)  are  those  for 
the  Mn  K  edge,  and  (d),  (e)  and  (f)  are  for  the  Mn  K  pre-edge.  A,  B  and  C  are  the  Mn  K  edge  absorptions,  and  Pi  and  P2  are  the  Mn  K  pre-edge  absorptions.  Arrows  in  the 
figures  indicate  the  directions  of  the  spectrum  shift  during  charge  and  discharge. 


charge  and  discharge.  The  Mn  I<  pre-edge  absorption  has  been 
considered  a  direct  measure  of  the  valence  state  of  the  Mn  atom 
[17,18]. 

Fig.  4  compares  the  XANES  spectra  for  the  fully  charged  and  fully 
discharged  states  at  the  Mn  K  pre-edge  to  those  of  the  reference  Mn 
compounds.  As  discussed  in  the  experimental  part,  each  spectrum 
was  normalized  to  the  lower  energy  peak  (Pi ),  which  is  1  s  to  3d  eg 
transition,  for  direct  comparison  among  them.  The  spectra  shown 
in  blue  and  red  lines  are  those  for  the  fully  charged  and  fully  dis¬ 
charged  states,  respectively.  The  ellipsoid  in  the  figure  highlights 
the  results  indicating  that  the  half-height  energy  of  our  cathode 
shifts  to  lower  energy  upon  discharge.  Additionally,  the  half-height 
energy  of  the  fully  discharged  state  is  higher  than  those  of  MnO  (2+), 
Mn304  (2.67+)  and  Mn203  (3+),  and  it  is  approximately  the  same  as 
that  of  LiMn204  (3.5+),  and  lower  than  that  of  Mn02  (4+).  Although 


Fig.  3.  Comparison  between  normalized  XANES  spectra  of  the  Mn  K  edge  of  fully 
charged  and  fully  discharged  states  of  Li[Nio.i7Lio.2Co0.o7Mn0.56]02  and  those  of  the 
reference  Mn  compounds.  The  circle  indicates  unexpected  results  for  the  fully  dis¬ 
charged  state  of  the  Mn  valence  change  during  charge-discharge. 


this  energy  shift  is  rather  small,  it  is  reproducible  on  charge  and 
discharge  as  shown  in  Fig.  2(e)  and  (f). 

Half-height  energy  values  were  plotted  against  the  total  capac¬ 
ity  during  charge-discharge,  as  shown  in  Fig.  5.  While  the  data 
points  are  a  little  scattered  during  the  1st  charge,  the  half-height 
energy  is  considered  to  be  virtually  constant  since  the  valence 
state  of  Mn  of  the  as-prepared  material  is  4+  [19]  and  it  appears 
to  be  difficult  to  further  oxidize  octahedrally  coordinated  Mn  (IV) 
within  our  usual  potential  window.  The  half-height  energy  shift 
upon  discharge  is  small  but  appears  to  be  larger  than  what  could 
be  explained  by  experimental  error  with  the  aid  of  in  situ  mea¬ 
surements.  The  half-height  energy  values  for  the  reference  Mn 
compounds  LiMn204  (3.5+)  and  Li2Mn03  (4+)  are  also  included  and 
are  shown  by  the  dotted  lines  in  Fig.  5.  The  valence  state  of  the  fully 
discharged  state  in  this  experiment  is  near  that  of  LiMn204  (3.5+). 


Fig.  4.  Comparison  between  normalized  XANES  spectra  of  the  Mn  K  pre-edge  of 
fully  charged  and  fully  discharged  states  of  Li[Nio.i7Lio.2Co0.o7Mn0.56]02  and  those  of 
the  reference  Mn  compounds.  The  background  was  subtracted  from  each  spectrum, 
and  each  spectrum  was  normalized  so  that  the  lower-energy  peak  of  the  Mn  K  pre¬ 
edge  became  equal  to  unity.  The  data  included  in  the  ellipsoid  directly  compare  the 
absorption  energy  of  the  Mn  compounds. 
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Fig.  5.  Plot  of  photon  energy  at  the  half-height  of  the  Mn  K  pre-edge  vs.  capacity 
during  in  situ  measurements. 


Fig.  6.  Plot  of  half-height  energy  at  the  lower-energy  end  vs.  formal  valence  for  the 
reference  Mn  compounds. 


Furthermore,  the  relation  between  the  valence  state  of  the  Mn  atom 
and  the  half-height  energy  of  the  Mn  I<  pre-edge  was  verified.  The 
half-height  energy  values  for  the  reference  Mn  compounds  were 
plotted  against  their  formal  valences  in  Fig.  6.  A  linear  relationship 
was  observed,  except  for  Mn203.  We  believe  there  would  be  a  lim¬ 
itation  for  this  type  of  discussion  since  the  change  in  ligand-field 
splitting  energy  of  the  Mn  atom,  known  as  the  Jahn-Teller  distor¬ 
tion,  and  other  structural  distortions  could  modify  X-ray  absorption 
energy.  Keeping  this  in  mind,  we  assumed  that  the  linear  relation¬ 
ship  is  applicable  to  our  case,  and  we  estimated  the  valence  state  of 
the  fully  discharged  state  to  be  approximately  3.6+  from  the  slope 
of  the  linear  relationship.  The  2nd  charge  was  carried  out  to  make 
sure  of  the  reversible  behavior  of  the  cathode  material  after  the 
1st  discharge.  The  change  in  the  half-height  energy  during  the  2nd 
charge  was  the  reverse  of  that  during  the  1st  discharge,  and  thus 
the  reversibility  of  the  valence  change  of  Mn  was  verified. 
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Fig.  8.  Comparison  between  normalized  XANES  spectra  of  the  Ni  K  edge  of  fully 
charged  and  fully  discharged  states  of  Li[Nio.i7Lio.2Coo.o7Mno.56]02  and  those  of  the 
reference  Ni  compounds. 


Fig.  9.  Plot  of  photon  energy  at  the  half-height  of  the  Ni  K  edge  vs.  capacity  during 
in  situ  measurements. 

3.2.2.  XANES  for  Ni 

Fig.  7  shows  normalized  XANES  spectra  of  the  Ni  K  edge  of 
Li[Nio.i7Lio.2Co0.o7Mn0.56]02  during  the  initial  charge-discharge. 
Arrows  in  the  figures  indicate  the  directions  of  the  spectrum  shift 
during  charge  and  discharge.  Contrary  to  Mn,  XANES  spectra  of  the 
Ni  I<  edge  shift  are  approximately  parallel  during  charge-discharge 
and  thus  it  is  not  difficult  to  discuss  the  valence  change  during 
charge-discharge.  Fig.  8  compares  the  normalized  XANES  spectra 
of  the  Ni  K  edge  of  the  fully  charged  and  fully  discharged  states 
of  Li[Nio.i7Lio.2Coo.o7Mno.56]02  to  those  of  the  reference  Ni  com¬ 
pounds.  The  absorption  spectrum  of  the  fully  discharged  state  is 
virtually  the  same  as  that  of  Li[Ni1/3Co1/3Mn1/3]02  in  which  the 
valence  state  of  Ni  is  reported  to  be  2+.  The  absorption  spectrum 
of  the  fully  oxidized  state  is  higher  in  energy  than  that  of  LiNi02, 
except  for  the  central  part  of  lower  energy  side  of  the  absorption 
peak,  and  thus  its  valence  state  is  higher  than  that  of  LiNi02  (3+). 
Fig.  9  shows  the  plot  of  photon  energy  at  the  half-height  of  the 
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Fig.  7.  Normalized  XANES  spectra  of  Ni  K  edge  of  Li[Nio.i7Lio.2Coo.o7Mno.56]02  during  the  initial  charge-discharge.  Arrows  in  the  figures  indicate  the  directions  of  the  spectrum 
shift  during  charge  and  discharge. 
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Fig.  10.  Normalized  XANES  spectra  of  Co  K  edge  of  Li[Nio.i7Lio.2Coo.o7Mno.56]02  during  the  initial  charge-discharge.  Arrows  in  the  figures  indicate  the  directions  of  the 
spectrum  shift  during  charge  or  discharge. 


Ni  I<  edge  vs.  capacity  during  in  situ  measurements.  The  highest 
valence  of  Ni  at  the  fully  charged  state  for  this  kind  of  cathode 
materials  has  been  reported  to  be  3+  from  the  results  of  ex  situ 
XANES  measurements  [3,4].  On  the  other  hand,  the  charge  com¬ 
pensation  through  the  formation  of  Ni4+  has  been  reported  [20], 
and  in  addition  the  larger  energy  shift  during  charge-discharge  for 
Li[Ni1/3Co1/3Mn1/3]02,  which  is  expected  to  behave  in  the  similar 
way,  has  been  reported  [11],  and  in  both  cases  the  contribution  from 
the  oxygen  to  the  charge  compensation  was  also  suggested.  In  our 
case,  it  appears  that  the  average  oxidation  state  of  Ni  at  the  fully 
charged  state  is  somewhere  between  Ni3+  and  Ni4+,  likely  closer  to 
Ni4+.  The  remaining  part  of  the  charge  compensation  correspond¬ 
ing  to  Ni  is  due  to  the  contribution  of  the  oxygen,  most  likely  due 
to  the  oxygen  2p  hole  state  by  the  ligand-to-metal  charge  transfer 
(LMCT). 

3.2.3.  XANES  for  Co 

Fig.  10  shows  the  normalized  XANES  spectra  of  the  Co  K  edge 
ofLi[Ni0.i7Lio.2Co0.o7Mn0.56]02  during  the  initial  charge-discharge. 
The  basic  change  in  the  global  pattern  for  Co  is  similar  to  that 
of  Mn,  as  shown  in  Fig.  2.  This  similarity  suggests  that  the  envi¬ 
ronment  of  the  Co  atom  is  somewhat  similar  to  that  of  Mn  [19]. 
The  signal  to  noise  ratio  is  worse  than  those  for  Mn  and  Ni  as  a 
result  of  small  quantity  of  Co  in  the  cathode  sample.  The  arrows 
in  the  figures  indicate  the  directions  of  the  spectrum  shift  dur¬ 
ing  charge  and  discharge.  Fig.  1 1  compares  the  normalized  XANES 
spectra  of  the  Co  K  edge  of  the  fully  charged  and  fully  discharged 
states  of  Li[Ni0.i7Lio.2Co0.o7Mn0.56]02  to  those  of  the  reference  Co 
compounds.  The  absorption  spectrum  of  the  fully  discharged  state 
is  very  similar  to  that  of  LiCo02,  and  the  absorption  spectrum  of 
the  fully  charged  state  appears  to  be  higher  in  energy  than  that  of 
LiCo02. 


Fig.  11.  Comparison  of  normalized  XANES  spectra  of  the  Co  K  edge  of  fully  charged 
and  fully  discharged  states  of  Li[Nio.i7Lio.2Coo.o7Mno.56]02  to  those  of  the  reference 
Ni  compounds. 

3.3.  In  situ  extended  X-ray  absorption  fine  structure  (EXAFS) 

3.3.1.  EXAFS  for  Mn 

The  local  structure  of  the  Mn,  Ni  and  Co  ions  in 
Li[Nioi7Lio.2Co0.o7Mno.56]02  was  measured  by  in  situ  EXAFS. 
Fig.  12  shows  k3 -weighted  Fourier  transforms  for  the  Mn  absorber 
of  Li[Ni0 17Lio.2Coo.07Mno.56  ]02  during  the  initial  charge-discharge. 
The  notations  1-n,  2-n  and  3-n  correspond  to  the  measurement 
points  during  the  1st  charge,  the  1st  discharge  and  the  2nd  charge, 
respectively.  Fig.  13  shows  Mn-0  bond  length  change,  estimated 
from  in  situ  EXAFS  measurements  for  Li[Nio.i7Li0.2Coo.o7Mn0.56]02 
during  the  1st  charge,  the  1st  discharge  and  the  2nd  charge.  A 
coordination  number  of  6  for  first  coordination  shell  was  used 
to  calculate  Mn-0  bond  lengths.  In  Table  1,  EXAFS  data  for 


Fig.  12.  k3-Weighted  Fourier  transforms  for  the  Mn  absorber  of  Li[Nio.i7Lio.2Co0.o7Mno.56]02  during  the  initial  charge-discharge. 
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Table  1 

Comparison  of  the  EXAFS  results  for  Mn  of  the  fully  charged  and  fully  discharged  states  of  Li[Nio.i7Lio.2Coo.o7Mno.56]02  to  those  of  LiM^CT*.  CN:  coordination  number  of  first 
coordination  shell,  cr.  Debye-Waller  factor,  A k:  fitting  range. 


Material 

Mn  valence 

Mn-O-bond  length  (A) 

CN 

a2  (xio-3  A2) 

A/cCA-1) 

Li  [  Nio.i  7  Lio.2Coo.07Mno.56  ]  O2 

4.8  V 

1.902  ±0.011 

6 

4.62 

2.7-11.9 

2.0  V 

1.917  ±0.011 

6 

4.62 

2.7-11.9 

LiMn204a 

3.5+ 

1.923 

6 

5.35 

3-12 

Charged 

1.907 

6 

4.05 

3-12 

Discharged 

1.920 

6 

5.08 

3-12 

a  From  Ref.  [21  ]. 


Fig.  13.  Mn-0  bond  length  change  estimated  from  in  situ  EXAFS  measurements  for 
Li[Ni0.  17Lio.2Coo.07Mno.56  ]C>2  during  the  1st  charge,  the  1st  discharge  and  the  2nd 
charge. 

Mn-0  bond  of  the  fully  charged  and  fully  discharged  states  of 
Li[Nio  i7Lio.2Cooo7Mno56]02  are  compared  to  those  of  LiMn204 
[21  ].  Although  Mn-0  bond  length  changes  on  charge  and  discharge 
are  very  small  and  only  the  same  level  as  the  experimental  error  in 
our  EXAFS  measurements,  the  direction  and  magnitude  of  change 
in  Mn-0  bond  length  is  consistent  with  our  conclusion  obtained 
from  XANES  results  at  the  Mn  K  pre-edge. 

3.3.2.  EXAFS  for  Ni 

Fig.  14  shows  k3 -weighted  Fourier  transforms  for  the 
Ni  absorber  of  Li[Ni0.i7Lio.2C°o.07Mno.56]02  during  the  initial 
charge-discharge.  The  notations  1-n,  2-n  and  3-n  correspond 
to  the  measurement  points  in  the  1st  charge,  the  1st  dis¬ 
charge  and  the  2nd  charge,  respectively.  Fig.  15  shows  Ni-0 
bond  length  change  estimated  from  in  situ  EXAFS  measure¬ 
ments  for  Li[Ni0.i7Lio.2Coo.o7Mn0.56]02  during  the  1st  charge,  the 
1st  discharge  and  the  2nd  charge.  A  coordination  number  of 
6  was  used  for  first  coordination  shell  to  calculate  Ni-0  bond 
lengths  for  all  data  points  although  this  is  not  appropriate  for 
Ni3+  (Jahn-Teller  ion).  In  Fig.  15  the  Ni-0  bond  length  values 


Fig.  15.  Ni-0  bond  length  change  during  charge-discharge.  The  dotted  lines  show 
the  Ni-0  bond  lengths  reported  in  Ref.  [11]. 


of  Li[Ni1/3Co1/3Mn1/3]02  and  Li0.i5[Ni1/3Co1/3Mn1/3]O2  are  also 
included  and  shown  by  the  dotted  lines.  The  valence  change  of 
the  Ni  for  Li[Nio.i7Li0.2Coo.o7Mno.56]02  is  approximately  the  same 
as  that  for  Li[Ni1/3Co1/3Mn1/3]02.  The  basic  pattern  of  changes  in 
energy  (Fig.  9)  and  in  bond  length  (Fig.  15)  with  capacity  suggests 
that  Ni4+  is  reduced  during  the  earlier  stage  of  the  1st  discharge. 

3.3.3.  EXAFS  for  Co 

Fig.  16  shows  k3 -weighted  Fourier  transforms  for  the 
Co  absorber  of  Li[Ni0.i7Lio.2Coo.o7Mn0.56]02  during  the  initial 
charge-discharge.  The  notations  1-n,  2-n  and  3-n  correspond  to 
the  measurement  points  in  the  1st  charge,  the  1st  discharge 
and  the  2nd  charge,  respectively.  Fig.  17  shows  Co-0  bond 
length  change  estimated  from  in  situ  EXAFS  measurements  for 
Li[Ni0.i7Lio.2Co0.o7Mn0.56]02  during  the  1st  charge,  the  1st  dis¬ 
charge  and  the  2nd  charge.  In  Fig.  17,  the  Co-0  bond  length 
values  of  Li[Ni1/3Co1/3Mn1/3]02  and  Li0.2[Ni1/3Co1/3Mn1/3]O2  are 
also  included  and  shown  by  the  dotted  lines.  The  valence  change 
of  the  Co  for  Li[Nio.i7Lio.2Coo.o7Mno.56]02  is  larger  than  that  for 
Li[Ni1/3Co1/3Mn1/3]02.  This  is  likely  due  to  the  structural  stability 
at  highly  charged  states  for  our  cathode. 
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Fig.  14.  k3-Weighted  Fourier  transforms  for  the  Ni  absorber  of  Li[Nio.i7Lio.2Coo.o7Mno.56]02  during  the  initial  charge-discharge. 
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Fig.  16.  k3-Weighted  Fourier  transforms  for  the  Co  absorber  of  Li[Nio.i7Lio.2Coo.o7Mno.56]02  during  the  initial  charge-discharge. 


Fig.  17.  Co-0  bond  length  change  during  charge-discharge.  The  dotted  lines  show 
the  Ni-0  bond  lengths  reported  in  Ref.  [11]. 

3.4.  Charge  compensation  mechanism 

Lastly,  we  estimated  the  reversible  capacity  of  our  cathode 
material  Li[Ni0.i7Lio.2Co0.o7Mn0.56]02  from  the  valence  changes  of 
Ni,  Co  and  Mn.  To  do  this,  we  assumed  that  two-electron  reaction 
for  Ni,  one-electron  reaction  for  Co  and  0.4-electron  reaction  for 
Mn  are  operative.  The  reversible  capacity  of  this  cathode  material 
was  estimated  to  be  199mAhg-1,  which  is  much  lower  than  the 
266mAhg_1  observed  experimentally.  Thus  the  large  reversible 
capacity  for  our  cathode  cannot  be  explained  even  if  the  valence 
change  of  Mn  observed  in  this  experiment  is  taken  into  consid¬ 
eration.  Therefore,  another  charge  compensation  mechanism  is 
required.  Furthermore,  it  is  probable  that  contributions  from  Ni 
and  Co  to  the  reversible  capacity  are  less  than  two  electrons  and 
one  electron,  respectively,  as  suggested  from  ourXANES  and  EXAFS 
data.  The  most  likely  additional  charge  compensation  mechanism 
is  the  participation  of  oxygen,  probably  partial  oxidation  of  coor¬ 
dinated  02~  in  the  crystals,  in  the  reversible  charge-discharge 
reaction  of  our  cathode  material. 

4.  Conclusions 

In  situ  XAS  measurements  were  performed  to  examine  the 
charge-discharge  reaction  mechanism  of  the  Li-rich  solid-solution 
layered  cathode  material,  Li[Ni0.i7Lio.2Coo.07Mn0.56]C)2,  focusing 
on  the  Mn  K  pre-edge.  The  valence  change  of  Mn  during 
charge-discharge  was  difficult  to  distinguish  because  of  the  com¬ 
plicated  energy  shift  of  the  Mn  K  edge  absorption.  Therefore,  the 
Mn  I<  pre-edge  absorption  was  examined  in  situ.  A  small  energy 
shift  for  the  Mn  K  pre-edge  absorption  during  charge-discharge 
was  observed,  and  the  linear  relationship  between  the  formal 
valence  state  and  the  Mn  I<  pre-edge  energy  among  the  refer¬ 


ence  Mn  compounds  was  used  to  estimate  the  valence  state  of 
Mn  at  the  fully  discharged  state  to  be  approximately  3.6+.  This 
result  is  consistent  with  the  small  change  observed  in  Mn-0 
bond  length  indicated  by  our  in  situ  EXAFS  data.  The  large 
reversible  capacity  cannot  be  explained  even  if  the  valence  change 
of  Mn  observed  in  this  experiment  is  taken  into  consideration. 
Therefore  this  result  strongly  suggests  the  participation  of  oxy¬ 
gen  in  the  reversible  charge-discharge  reaction  of  our  cathode 
material. 
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